Metatranscriptome of an Anaerobic Benzene-Degrading, Nitrate-
Reducing Enrichment Culture Reveals Involvement of Carboxylation
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The enzymes involved in the initial steps of anaerobic benzene catabeolism are not known. To try to elucidate this critical step, a
metatranscriptonic analysis was conducted to compare the genes transcribed during the metabolism of benzene and benzoate
by an anaerobic benzene-degrading, nitrate-veducing envichment culture. RNA was extracted from the mixed culture and se-
quenced without prior mRNA envichment, allowing simultaneous examination of the active community composition and the
differential gene expression between the two treatments. Ribosomal and mRNA sequences attributed to a member of the family
Peptococcaceae from the order Clostridiales were essentially only detected in the benzene-amended culture samples, implicating
this group in the initial catabolism of benzene. Genes similar to each of two subunits of a proposed benzene-carboxylating en-
zyme were transcribed when the culture was amended with benzene. Anaerobic benzoate degradation genes from strict anaer-
obes were transcribed only when the culture was amended with benzene. Genes for other benzoate catabolic enzymes and for
nitrate respiration were transcribed in both samples, with those attributed to an Azoarcus species being most abundant. These
findings indicate that the mineralization of benzene starts with its activation by a strict anaerobe belonging te the Peprococ-
caceae, invoelving a carboxylation step to form benzoate. These data confirm the previcusly hypothesized syntrophic association
between a benzene-degrading Peprococcacene strain and a benzoate-degrading denitrifying Azoarcus strain for the complete ca-
tabolism of benzene with nitrate as the terminal electron acceptor.

enzene is a petroleum-derived monocaromatic hydrocarbon
hat is present in crude oil and gasoline and is intensively used
in the chemical processing industry (1), Benzene and other hydro-
carbons frequently contaminate groundwater and soil, where they
are readily biodegraded aerobically {2). When oxygen becomes

limiting, as is often the case for contaminated sites, other electron
acceptors typically enable continued biodegradation of many pol-
lutants. Benzene biodegrades anaerobically much less readily than
other monoaromatic compounds due to the absence of a substit-
uent on the aromatic ring. Nevertheless, the past 2 decades of
research have shown that benzene can be metabolized under ni-
trate-reducing (3, 4), sulfate-reducing (5-7), iron-reducing (8-
10}, and methanogenic (11, 12) conditions. Despite the interest in
this process, the benzene-activating mechanism has remained elu-
sive. Based on the metabolites detected during benzene metabo-
lism, three initiating mechanisms have been proposed: hydroxy-
lation to phenol, methvlation to toluene, and carboxylation to
benzoate (11, 13-15). Phenol, toluene, or benzoate would then be
converted to the central aromatic intermediate, benzovl-coen-
zyme A (CoA). The genes encoding enzymes invelved in the an-
aerobic metabolism of these hypothetical intermediates and the
downstream benzoyl-CoA are relatively well known (16). Distinct
pathway variants for benzoyl-CoA catabolism are known from
facultative anaerobes in the Alpha- and Betaproteobacteria (ber/
bad and bzd genes) {17-19) and from strict anaerobes in the Del-
taproteohacteria (bam genes) (16, 20).

Benzoate has been nearly universally detected as a metabolite
in benzene-degrading cultures (13, 15, 21). The benzoate mea-
sured may also originate from benzoyl-CoA that is hydrolyzed
during extraction or analysis, In one of the most recent studies
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identified
[#*C,]benzoate in the supernatant of an iron-reducing culture
supplied with [P Cylbenzene and demonstrated that the carboxyl
group came from bicarbonate. Subsequently, two proteins specif-
ically expressed in the presence of benzene were identified in the
same culture from a comparative metaproteomic study (22).
These authors proposed, based on sequence homuology to phenol
carbuoxylases, that these proteins encoded two subunits of a puta-
tive anaerobic benzene carboxylase {Abc), which were designated
AbcA and AbcD (22). Recently, Holmes et al. (23) also identified
benzene-specific transcripts of a gene similar to abeA in Ferroglo-
bus placidus when grown on benzene versus acetate. Phenol was
also suggested as a metabolite in anaerobic benzene degradation
{14, 15, 24), and it was also suggested to form abiotically in iron-
reducing cultures upon exposure to oxygen during extraction

using labeled substrates, Kunapuli et al (21)
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{21). Zhang et al. (25) identified the upregulation of genes in-
volved in phenol metabolism when Geobacter metallireducens was
growing on benzene, indicating that the phenol metabolic path-
way may indeed be linked to anaerobic benzene degradation.

Anaerobic benzene biodegradation has most frequently been
observed in mixed cultures, although a few isolates have been
described (4, 23, 26, 27). Across enrichment cultures, bacteria
from the dlasses Deltaproteobacteria and Clostridia have been sug-
gested as key microorganisms that activate the benzene ring {5, 7,
12, 28-30}. In this study, a comparative metatranscriptomic anal-
ysis was performed on a benzene-degrading, nitrate-reducing en-
richment culture. This culture has been maintained since 1997
and, through clone libraries and growth experiments, has been
shown o contain operational taxonomic units {OTUs) from the
families Peptococcaceae, Rhodocyclaceae (Dechloromonas, Azoar-
cus, and an undefined genus), and Burkhelderiaceae, as wel as the
phyla Chlorobi and Planctomyvetes (29, 31, 32}. Using OTU-spe-
cific quantitative PCR, we observed increases in cell numbers for
most of these taxa during benzene metabolism, but the highest
increase observed was for Peptococcaceae (31), although organ-
istns within Rhodocyclaceae were generally the most abundant.
The growth of Planctomycetes spp. in the highly reducing condi-
tions of these cultures is likely due to their ability to couple am-
monium oxidation (supplied in the medium) to nitrite reduction
{produced from nitrate reduction) {32). In the current metatran-
scriptomic study, we conficm our previous hypothesis of interac-
tions between the strict anaerobes and the facultative, nitrate-re-
ducing partners. We also provide compelling evidence for
carboxvlation carried out by Peptococcaceae as a key component of
the initial steps in benzene catabolism.

MATERIALS AND METHODS

Nitrate-reducing enrichment cultures. These coltures originated from
microcosms prepared with soil and groundwater fror a decomnmissionad

gasoline station on Cartwright Avenue in Toronto, ON, Canada (3, 10}

hence the name “Cartwright cultures.” Over the past 16 years, these cul-
tures have been maintained in multiple 1- to 5-lter culture bottles with ca.
monthly benzene (190 to 256 uM) and nitrate (2 to 5 mM) amendments
and periodic transfers (10 to 50¢
duced mineral medium (33). All cultures in this study were incubated
statically and in the dark inside a Coy anaerobic chamber (Coy Laboeratory
Products, Madison, WI) supplied with an atmosphere of 80% N,, 10%
H,, and 10% CO,.

Drifferential transcription experiments. The goal of these experi-
ments was to compare transcript levels between cultures amended with

%) into sterile defined iron sulfide-re-

benzene and with benzoate. To try to minimize effects related to transfer-
ring the mived culture, the same culture bottle was first amended with one
substrate {e.g., benzoate), and once that substrate was consumed, the
culture bottle was then amended with the second substrate (e.g., ben-
zene). Between the two amendments, the culture was starved for 1 week.
Two distinct experiments were conducted 1 month apart. Inn experiment
1, the culture was amended with benzoate first and then with benzene.
BNA was extracted twice from the same culture, once as benzoate was
being consuined and once as benzene was being consurmed. In experiment
2, the order of the substrates was reversed, with benzene added first and
then benzoate. For each experiment, 200 mi of Cartwright culture was
purged of any remaining benzene with a steady gentle flow of gas (80% N,
and 20% CO,) and transferred to a 250-m sterile, anaerobic clear Boston
round glass bottle {Scientific Instrurnent Services, Ringoes, NJ, USA},
amended with 2 mM sodivm nitrate, and sealed with a screw-cap Minin-

ert valve (Vic precision sampling, Baton Rouge, LA, USA). In experiment
1, the culture was initially amended with 128 wM benzoate. Degradation
was rapid and was complete in less than 1 day. The culture was reamended
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FIG 1 Benizene and benzoate concentration profiles during differential tran-
scriptomic experiments. Solid lines denote benzene concentrations (M),
while dashed linies show benzoate concentrations (). The circles identify
RNA extraction sampling points. Note that the time scale varies from days (for
benzene degradation) to hours (for benzoate degradation). (a) Expertroent 1,
benzoate followed by benzene amendment; the corresponding RNA samples
were sequenced using pyrosequencing technology. (b} Experiment 2, benzene
followed by benzoate amendment; the corresponding RNA samples were se-
quenced using Ulumina technology.

with 128 uM benzoate and 2 mM nitrate, and a 50-ml culture sample was
taken 2 h later, when ~25% of the second feeding of benzoate was con-
sumed (Fig. 1a}. Once benzoate was depleted, the culture was starved for

aweek and then amended with 128 uM benzene (aqueous concentration)
and 2 mM nitrate. A 50-nd culture sample was taken when ~70% of
benzene was depleted after a long lag time of 65 days (Fig. 1a). In experi-
ment 2, the culture bottle was initially supplied with 128 M benzene
{aqueous concentration) and 2 mM nitrate. A 50-ml culture sample was
taken after 13 days when -~ 70% of benzene was consamed (Fig. 1b}. Once
benzene was depleted, the culture was starved for a week and then
amended with 128 uM benzoate and 2 M nitrate. The second 50-mi
sample was taken after a few hours had elapsed, when ~5% of benzoate
was depleted (Fig. 1b). A total of four culture samples (2 pairs) for RNA
extraction were thus obtained. Additional 200-mi culture bottles for each
experiment were prepared similarly to the bottles described above to con-
firm the

producibility of degradation profiles. Benzene, nitrate, and
nitrite concentrations were monitored in all bottles, but RNA was only

ed above.

extracted from the two main experimental bottles as dese

Analytical metheds, Benzene concentrations were measured by in-
jecting 300 pl of culture headspace into a Hewlett-Packard 6890 series gas
ner-diame-

chromatograph equipped with an HP-5 30-m by 0.32-mm-i
ter column and a flame jonization detector (FID). The injector, FID de-
tector, and oven temperatures were at 200°C, °C, and 83°C, respec-
tively. The carrier gas was nitrogen at a flow rate of 3 mi/min. Benzoate

concentrations were measured by injecting 10-pl Hauid samples with-
drawn from the cultures into &« Hewlett-Packard 1090 series I high-per-
formance Hquid chromatograph (HPLC). This HPLC was equipped with
a Hypersil BDS Cy; (5-pm particle size, 230-mm-long by 2-mm-inner-
diameter} column and a UV detector at 230 nm. The mobile phase con-
tained 253% acetonitrile and 75% KH,PQO, at a concentration of 30 mM
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(adjusted to pH 3 using phosphoric acid). The mobile phase flow rate was
0.3 mi/min. The retention time for benzoate was 2.8 min. Nitrate and
nitrite concentrations were analyzed by injecting 20 pl of 1- to 10-times-
diluted liquid samples onto a Dionex DX-100 series ion chromatograph
equipped with an fonPac AS9 jon exchange column and an AGY guard
column. The mobile phase contained 5 oM sodium bicarbonate and
12.25 mM sodiam ¢

RNA extraction. For all 50-ml celture aliguots, RINA extractions were

arbonate. The eluent flow rate was 1 ml/min.

conducted immediately upon sampling. RNA extractions were performed
based on the protocol utilized by Waller et al. (34), with modifications.

First, 50 mi of culture was dispensed into an anaerobic centrifuge tube on

ice inside the anaerobic chamber. Cells were collected by centrifugation at

9,900 X g for 20 min at 4°C. The cell pellet was resuspended in 250 pl of

ice-cold diethylpyrocarbonate-treated extraction buffer comprised of 1.4
M NaCl 22 mM EDTA, and 35 mM sodium dodecyl sulfate. An amount
of 0.9 ml of ice-cold acid phenol-chloroform-isoamyl] alcobol {(125:24:1,
pH 4.5; Amblon, Austin, TX) was added to the mixture of cells and the
extraction buffer. This mixture was transferred into a 1.5-mi screw-cap
microcentrifuge tube containing 100 ul of sterile zirconia/silica beads (0.5
mun; BioSpec Products Inc,, Bartlesville, OK). The tube was agitated hor-
izontally in a Mini-Beadbeater-96 (Biospec Products Inc., Bartlesville,
OK) for 4 min and then centrifuged at 1,4000 X g for 15 min at 4°C. The
aqueous phase was transferred into a new 1.5-m] microcentrifuge tube
containing 0.9 mi of ice-cold acid phenol-chloroform-isoamyl alcohol
and then centrifuged at 1,4000 % g for 15 min at 4°C (this step was re-
peated twice). The supernatant was moved to a new microcentrifuge tube,
and RNA was precipitated by adding 0.1 volume of ammenium acetate
(7.5 M; Sigma-Aldrich) and 1.1 volume of isopropanol and incubating at
—20°C overnight. The RIWA pellet was collected by centrifugation for 15
min at 4°C and resuspended in RNase-/DINase-free water {Sigma-Al-
g the Turbo DINA-free kit
according to the manufacturer’s instructi {Ambion, Austin, Texas).
¢DNA library preparation and sequencing. Sequencing was per-
formed by the Center for Appled Genomics {The Hospital for Sick Chil-
dren, MaR$ Center, Torento, ON, Canada)}. The two RNA samples from
experiment 1 (benzoate/benzene) (Fig. 1a) were sequenced using a Roche
8 FLX Titanium sequencer {Roche Applied Sciences/454 Life Sciences,

drich). Contaminating DNA was removed usin

Branford, CT), and the two RNA samples from experiment 2 (benzene/
benzoate) (Fig. 1b) were sequenced using an Hlumina Genome Analyzer Il
{(umina Inc., San Diego, CA). The longer reads from pyrosequencing
were selected for better assembly, while Hlumina technology provided
more sequencing depth, RINA samples for Roche 454 pyrosequencing
were reverse transcribed using the Roche standard ¢DNA rapid library
preparation method (Roche Applied Sciences/434 Life Sciences). The
c¢DNA library was then quantified with an Agllent Bioanalyzer before
sequencing. The average library sizes were 1,200 and 1,000 bp for samples
from the benzoate-degrading and benzene-degrading time points, respec-
tively. RNA for Hlumina sequencing was reverse transcribed, and the
cDINA libraries were prepared with the TrueSeq RNA sample low-
throughput protocol {(Hlumina Inc.). The cDNA library was then quanti-
fied with the Kapa library quantifica
MA) before sequencing. The average
the samples from the ene-degrading and the benzoate-degrading
time points, respectively. The average quality score for each nudleotide in
all the Hlamina reads was calculated with FastQC (version 10.0) on the JGI

tion kit (Kapa Biosystems, Woburn,

rary sizes were 203 and 216 bp for

Galaxy platform (35-37). Only reads with average quality scores above 20
were processed via the in silico pipeline; ambiguous nucleotides were not
removed in this process.

Pyrosequencing data analysis pipeline. The pipeline for identifying
rRNA and mRNA sequences obtained by pyrosequencing (Roche/454) is
depicted in Fig. 2. First, all RNA reads were compared to a small subunit
and a large subunit rRNA reference database, which was constructed from
publicly available databases (38}, using BLASTn (39). The BLASTq out-
put file was analyzed using MEGAN (MEtaGenome ANalyzer) software
version 4 (40, 41} to generate a tree that clusters all sequences to their
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FIG 2 Sequence analysis pipeline. Data processing stepa specitic for pyrose-
quencing and [llumina sequencing are in separate dashed boxes. Programs
used are highlighted in bold. Sequences removed from respective data pools
are shown in light gray.

lowest common ancestor {LCA) in order to compare the microbial pro-
files of the culture when consuming benzene versus benzoate. RNA se-
quernices that had ne BLASTn matches to the ribosomal databases or that
did but were not assigned to any taxonomy by MEGAN were considered
non-rRINA. All of the unassigned sequences were assembled using New-
bler software (454 Life Sciences, Roche, Branford, Connecticut). All con-

tigs, isotigs, and singletons from the Newbler assernbly result were further
translated in six reading frames and compared to the GenBaok nonredun-
dant protein database using BLASTx.

Hlumina data analysis pipeline. To extract phylogenic information
from the RNA sequences, arandom selection of 10% of the raw RNA reads
was compared to the SILVA SSUrdl (small subunit reference database)
{42) wsing BLASTn (Fig. 2). The BLASTn results were further anal
with MEGAN version 4 (40, 41} for microbial commumity compa

vzed

isom,
similar to the pyrosequencing pipeline. Coding sequences were pooled
and enriched bioinformatically from the complete data set for functional

analysis as follows. First, all raw reads were aligned to the SILVA $5Urdb
and LSUrdb (large subunit reference database) using Bowtie {43). All
reads without significant alignment to the rRNA database were pooled
{benzene and benzoate degrading) and then assemnbled using MIRA3
{44). Reads that did not assemble (singletons) were removed (Fig. 2).
Assernbled sequences {contigs) were subsequently compared again with
the SILVA SSUrdb and LSUrdb using BLASTn to remiove the remaining
rENA sequences.

tdentification of differentially transcribed genes. To identify differ-
entially transcribed genes, the number of raw reads in each assembled
contig was normalized to reads per kilobase per million reads (RPKM)
according to the following equations (45): benzene RPKM = number of
benzene reads in each non-rRNA contig/(total number of benzene non-
rRNA reads X contig length) X 10%, and benzoate RPKM = number of
in each non-rRNA contig/{total number of benzoate non-

benzoate rea
rRNA reads :
{n the abov

contig length) X 10°,
equations and throughout the remaining text, “benzene
reads” refers to ¢ONA sequence reads from the culture metabolizing ben-

zene and “benzoate reads” refers to those from the culture metabolizing
benzoate. To determine the relative transcription level of a specific contig,
we calculated & contig specificity value, defined as the ratio of the normal-
ized benzene and benzoate read numbers for a particular contig, as fol-
lows: contig specificity = benzene RPKM/benzoate RPKM.

When multiple contigs referred to the same gene, the speciticity for a
particular gene was calculated as follows: gene specif
length X contig specificity )/ Zcontig lengths.

Read values of zero, where a transcript was present only in one data set

ity = X(contig
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and not the other, were replaced with 0.5 before normalization so that a
defined specificity could be calculated under all conditions (46}, Since we

were focusing on the relatively abundant genes, only contigs with an av-
erage coverage equal to or higher than 3 and a length exceeding 100 bp

were annotated with BLASTx. The BLASTY result was then used as an

input for MEGAN analysis to determine & taxonomic assignument for each
contig. Each annotated contig was assigned to the lowest common taxo-
nomic level shared by the top 10% of its BLAST hits.

PCRs for extending the contig containing the putative carboxylase
gene abeA. To determine the similarity between previously published
sequences {22) and the abe gene operon retrieved in the work describad
herein, PCR primers (see Table 31 in the supplemental material) were
designed targeting the intragenic region between the putative carboxylase
genes abel, abeA, and ubiX and the putative benzoate-coenzyme A ligase
bzlA genes. The primers were designed to be complementary to the mBRNA
contigs identitied in this study that were homologous to these genes. PCRs
were conducted using a PTC-200 Peltier thermal cycler (M] Research Inc.,
Waltham, MA). Each PCR nyixture contained 1 X ThermoPol PCR buffer,
5 U Tag polymerase (MNew England BioLabs Inc., Mississanga, ON, Can-
ada}, 0.3 mM deoxynuclesside triphosphates, 0.4 mM forward and re-
verse primers, and 30 to 100 ng genomic DNA template from the Cart-
wright culture. The temperature program was as follows: initial
denaturation at 94°C for 5 min, followed by 29 cycles of denaturation at
94°C for 30 s, primer annealing for | min at 60°C, and chain extension for
45 sat 72°C, with a final extension at 72°C for 7 moin. The PCR product was
purified using & GeneJET PCR purification kit {Thermo Scientific, Ot-
tawa, ON, Canada). The purified DNA samples were then submitted to
the Centre for Applied Genomics {Toronto) for Sanger sequencing. Se-
gquencing was performed using an ABL 3730 xl DNA analyzer with the
same primers as were used for the PCRs.

Nucleotide sequence accession number. Sequences for all annotated
contigs are available in the supplemental material (Tables $2 and 83). The
165 rRINA sequence for the Peptococcaceas has been deposited in GenBank
under accession mumber KJ522755.

RESULTS AND DISCUSSION

Benzene and benzoate degradation rates in Cartwright enrich-
ment culture. The typical benzene degradation rates in the Cart-
wright enrichment culture are 5 to 10 pM/day; these rates have
been reasonably consistent for many vears. A stoichiometry of 10
to 14 mol nitrate per mole benzene consumed has also been con-
sistent over time (32). This stoichiometry is consistent with the
oxidation of benzene to CO, coupled to the incomplete reduction
of nitrate to nitrite, as reported previously (3, 29). Benzene oxida-
tion linked to complete reduction of nitrate to nitrogen would
result in a lower ratio, below & mol nitrate per mole benzene (29).
After benzene is depleted, nitrite is reduced to N, in these cultures
{(3}. The electron donors for this process are likely fatty acids or
other carbohydrates released from biomass or sulfide present in
the medium. In the additional culture bottles prepared similarly
to those for the metatranscriptomic experiments, the consump-
tion ratios were 10.3 = 0.4 mol {mean = standard deviation) of
nitrate reduced/mole of benzoate oxidized and 14.3 = 0.7 mol of
nitrate reduced/mole of benzene oxidized (s = 6), consistent with
prior results. Transient nitrite accumulation was also observed
during both benzene and benzoate degradation (see Fig. §1 in the
supplemental material), which is typical in these cultures.

The culture metabolized benzoate rapidly, at rates over 20
times higher than for benzene (Fig. 1) without any prior exposure
to this substrate. Since benzoate—or its CoA derivative—is a
probable intermediate of benzene degradation (13, 15, 21), one
would expect that feeding the culture with benzoate would stim-
ulate the degradation of benzene; however, this was not the case in

4088 aem.asm.org

TABLE 1 Sequence information summary for the RNA samples
extracted from the Cartwright culture during growth on benzoate and
benzene using pyrosequencing or Humina sequencing

Sequencing method and parameter Benzene RNA - Benzoate RNA
Pyrosequencing (avg read length, 160 bp)
Total reads 196,075 250,500
Non-rRNA reads (% of total reads) 2,153 (1.1} 4,970 (2)
MNon-rRNA contigs/isotigs 81 219
Annotated mRNA contigs (BLASTx) 75 189
Annotated mRNA singletons 450 1,831
(BLASTx}

Hhumnina sequencing (read length, 75 bp)

Total reads 26,893,212 28,567,030
MNon-rRNA reads (%) 849,441 (3} 1,149,965 (4)
MNon-rRNA contigs 366,368
Contigs that passed the abundance 37,3537
threshold”
Annotated mRNA contigs (BLASTx) 14,0384
“ The nuwmber shown is the number of contigs assembled from pooled benzene and

benzoate RINA reads.
? The abundance threshold is a contig length gre
greater than 3.

than 100 b and average coverage

these cultures, leading to the hypothesis that different organisms
degrade benzoate and benzene in this culture. Rather, when sub-
cultures were grown with benzoate and then subseguently
amended with benzene, a lag time of at least 20 to 30 days was
observed prior to the onset of benzene degradation in all repli-
cates, similar to or longer than the typical lag times observed upon
transferring the culture into fresh medium amended with benzene
{(31). In the experiments described here, the lag before the onset of
benzene degradation after the addition of benzoate was as long as
65 days (Fig. 1a). To avoid the negative impact of feeding benzoate
prior to benzene, we reversed the order of feedings in the second
experiment (Fig. 1b).

RNA extraction and sequencing. RNA extraction from these
slow-growing cultures is difficult and was complicated by the
presence of ferrous sulfide, a reductant in the medium, which
causes macromolecules to precipitate after cell lysis. In the absence
of effective rRNA remuoval techniques, the loss of mRNA during
enrichment steps was deemed a significant risk. Therefore, once
the protocol was optimized enough to obtain extractions of high-
quality RNA, total RNA was sequenced without further mRNA
enrichment to avoid sample loss. Fortuitously, analysis of the se-
quenced TRNA provided useful phylogenetic information on ac-
tive members of the community. The first pair of samples se-
quenced using Roche 454 was successful, but the depth of
coverage was not sufficient to determine enrichment levels, Hlu-
mina sequencing of a second pair of samples provided 50 times
greater coverage despite the shorter read length (Table 1). Fune-
tional analysis of the sequence data as detailed below revealed the
value in sequencing RNA even without a reference metagenome,
because many contigs with functional genes of interest were suc-
cessfully assembled and could be annotated, providing insights
into the dynamics of the culture on the two substrates tested, as
described below.

Processing RNA sequence reads. The total numbers of RNA
and non-rRNA sequence reads obtained from pyroseguencing
and Hlumina protocols are summarized in Table 1. umina se-
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in red, while data from the benzene-amended colture are in blue. The size of each circle at a tree node is proportional to the number of reads assigned 1o the
corresponding taxon. The numbers in brackets are the total number of reads assigned to that node plus the number of reads in the subtree rooted at that node
for each data set (benizoate; benzene}. For comparison purposes, the number of reads was normalized to 100,000 reads per data set. A companion figure
representing the Hlumina sequence data is provided in Fig. 52 in the supplemental material.

quencing of the RNA samples (amended with benzene first and
then with benzoate) generated 100 times more reads than the RNA
samples sequenced via pyrosequencing (amended with benzoate
first and then with benzene). The non-rRNA sequences accounted
for 1 to 4% of the total reads, consistent with other studies indi-
cating 1 to 5% mRNA in total cellular RNA in prokaryotic cells
(47).

Active microbial community profiles from rRNA sequence
reads. The large number of fRNA sequence reads offered a unique
window into the taxonomic affiiations of the active organisms in
the culture during growth on each of the two substrates. The
MEGAN program assigns reads into different clusters based on
the LCA principle. Because Hlumina reads are short and because
ribosomal sequences are in general highly similar to each other,
the MEGAN tree generated from the umina data (see Fig. S2 in
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the supplemental material) assigned wmost reads to higher taxo-
nomical levels than in the tree generated with the pyrosequencing
data (Fig. 3). However, both trees are sufficiently similar to allevi-
ate concern that the lower sequencing depth of pyrosequencing
affected the observed community, When normalized to 100,000
reads per sample, the family Pepfococcaceae was the only branch
with a distinctly higher number of ribosomal sequences when the
culture was growing on benzene versus benzoate (Fig. 3, 3,849
versus 27; see also Fig. S2, 920 versus 252). All other dominant
bacterial groups, including Rhedocyclales, Burkholderiales, Chlo-
robi, and Chloroflexi, had similar rfRNA sequence abundance in
both cases {Fig. 3; see also Fig. 52). These taxonomic results are
entirely consistent with previous clone libraries (29, 32) and a
previous 165 rRNA gene-based quantitative PCR investigation of
the same culture that showed an increase of Peptococcaceae abun-
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(b} Burkholderiales (¢}; Planctomycetes (d). The red circles denote contigs encoding carboxylase/decarboxylase genes assigned to Clostridiales.

dance linked to benzene depletion (31). Peptococcaceae have also
been implicated in the initial attack on benzene in several other
enrichment cultures, via 165 rRNA-based terminal restriction
length polymorphism (7), stable isotope probing (28), and dena-
turing gradient gel electrophoresis (30). Our Peplococcaceae 168
rRNA sequence (GenBank accession nurnber KJ522755) is 97%
identical to clones obtained from the previously characterized
iron-reducing Clostridium enrichment culture BF (28) and 98%
identical to clones from a nitrate-reducing, benzene-degrading
chemaostat {30).

Analysis of nonribosomal (mBNA) reads. To identify genes
that were specifically transcribed in the presence of benzene, we
primarily relied on the Humina data set because it afforded a
much greater depth of sequencing. Only 3.8% of the nonribo-
somal contigs passed the threshold of read depth and length and
had a hit from BLASTY analysis (Table 1). Contigs assigned to the
order Clostridiales (mostly assigned to the family Peptococcacene)
were more abundant when the culture was degrading benzene
{Fig. 4a), while contigs attributed to Rhodocyclales, Burkholderia-
les, and Planctomycetes were equally or slightly more abundant
when the culture was degrading benzoate (Fig. 4b to d). These
function-based data are entirely consistent with the rRNA com-
munity abundance analysis above. The complete set of annotated
contigs and associated best hit identity scores and sequences are
provided in Table S2 in the supplemental material. A complete set
of annotated pyrosequencing data is also provided in Table 3. To
further analyze these data, we first validated the results by map-
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ping contigs to genes from pathways expected to be found in the
culture, namely, anaerobic benzoate catabolism and nitrate respi-
ration. These pathways were indeed well represented. Next, we
tried 1o identify the most highly transcribed benzene-specific tran-
scripts and associated pathways. Finally, we also searched for the
presence of gene transcripts for other metabolic pathways that
may or may not be present, including anaerobic toluene and phe-
nel metabolism and aerobic aromatic pathways. The results of
these analyses of the sequence data are summmarized in Table 2, as
well as a series of tables in the supplemental material (see Tables S4
1o S10). The salient features of these analyses are further described
below.

Transcription of genes involved in anacrobic benzoate me-
tabolism. Genes coding for multiple distinct anaerobic benzoate
catabolism pathway enzymes, including bzd-like genes found in
Azoarcus and Aromatoleum spp., her/bad-like genes found in
Thauern and Alphaproteobacteria spp., and bam-like genes found
in the strictly anaerobic Geobacter and Peptococcaceae spp. (18—
20), were all identified in the IHumina sequencing data (Fig. 5; see
also Table $4 in the supplemental material}. In Azogrcus genomes,
the bzd genes are located in a catabolic operon {(bzd NOPQMSTU
VWXYZA) (17). We identified bzd-like transcripts for most of the
genes in this operon, all transcribed at a relatively constant speci-
ficity and showing higher transcript abundance on benzoate than
on benzene; these genes cover the entire upper pathway of anaer-
obic benzoate biodegradation (Fig. 5, Table 2; see also Table 54).
Some of these genes have normalized read counts (reads per kilo-
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Carboxylation Is Implicated in Benzene Ring Activation

TABLE 2 Summary of transcribed genes from pyrosequencing and Hhumina sequencing data

Detected by
pyrosequencir
culture wit

1gin

Hlurnina sequending resulis

Taxon of closest % identity
Gene{s) Benzene Benzoate match or range Protein annotation Pathway
o Yes 0.2 Azoarcus 64-87 Benzeate-CoA ligase Benzoate CoA ligase Benzoate
boA No No 1.0 Bacteria 774 Benzoate-CoA ligase
bzlA Ne Ne 30 Clostridigles 78-93 Putative benzoate-CoA ligase
bamB B Ne 17 Clostridiales 91 Putative aldehyde ferredoxin Benzovi-CoA reductase Benzoate
oxidoreductase {ferredoxin-dependent)
bamC Mo No 55 Clostridigies 38 Putative iron-sulfur binding protein
bamb Yes Ne MDD Clostridiales 85 Putative NAIYH oxidoreductase
bamE Yes No 101 Clostridigles Putative iron-sulfur binding protein
berAfbadF - No No 3. Protecbacteria 61-86 Benzoyl-CoA reductase, alpha subunit vi-CoA reduct Benzoate
{ATP-dependent)
borBibadlE  No Yes 3.0 Protecbacteria 6778 Benzovl-CoA reductase, beta sul
borC/badDy Mo No Benzoyl-CoA reductase, gamma subunit
bearDibadG No No 3.0 Proteobacteria 71-78 Benzoyl-CoA reductase, delta subunit
bzdN No Yes 0.2 Azoarcus Benzoyl-CoA reductase, gamma subunit
bzd O No 0.3 Azogrcus Benzovl-CoA reductase, beta sul
bzdP Mo Yes 0.1 Azoarciis Benzoyl-CoA reductase, delta subun
bzd} o Yes 0.1 Azoarctis Benzoyl-CoA reductase, alpha sub
brd W Yes Yes 0.2 Azoarcus S0.0 wyl-CoA hydratase  Hydratase Benzoate
bzdX o Yes 0.1 Azoarctis 94.0 droxycyclohex-1-ene-1-carboxyl-CoA  Dehydrogenase Benzoate
hydrogenase
had B Yes MDD Protechacteria 71-73 ydroxycyclohex-1-ene-1-carboxyl-CoA
dehydrogenase
B Yes 0.1 Azoarcss 89-95 6-Oxocyelohex-1-ene-1-carbonyl-Coa Hydrolase Benzoate
hydrolase
oah Mo No 4.0 Protecbacteria 73-91 6-Oxocyclohex-1-ene-1-carbonyl-CoA
Liydrolase
Yes No 21 Clostridigies 95100 Putative anacrobic benzene carboxylase Putative carboxylases Uncoufirmed
pathway
aicD Yes Mo 62 Clostridigles 9406 Putative anaerobic benzene carboxylase
PpsA o No 6.0 Proteobacteria 8183 Phenylphosphate synthase alpha subunit Phenvl phosphate synthase Phenol
ppsB No No 12 Proteobacteria 79.17 Phenylphosphate synthase, beta subunit
ppsC No No 4.0 Proteckacteria 56.14 Protein stimulating phenyiphosphate
syntnetase ac 2
ppeB No Mo 72 Deltaprotechar 7987 Phenviphosphate carboxvlase subunitbeta  Phenylphosphate carboxylase  Phendl
hbel o No 2.0 Azoarctis 39-84 4-Hydroxybenzoate CoA ligase 4-Hydroxybenzoate CoA ligase  Phenol
horA No No 4.0 Proteckacteria 68 4-Hydroxybenzovl-CoA reductase alpha Hydroxybenzoyl-CoA Phenol
subunit reductase
ubiD-like Mo Mo 14 Clostridiales B9-100 Putative 3-polyprenyl-4-hydroxybenzoate Decarboxvlases Ubiguinone®
‘ s 4 Clostridial 9-160 t 3-polyprenyl-4-hydroxybe arboxylases Ubiquine
carboxy-lyase
wbiX-Jke  No Ne 21 Clostridigles 91 Putative 3-octaprenyl-4-hydroxyben
ubiX No No 1.5 Deltaproteobacteria  71-91
ubiX No No 0.2 Azoarcus 71-93 3-Octapreny
lyase (Ub:
ubily B Ne 0.2 Azoarcss 82-91 3-Polypreny.

fyase (UbiD)

3N,
presented in Fig. 6. The numbers of reads per gene (and
reads per contig associated with the same gene and also corresponding to microorganismas of the same genus (e.g., Azoarcus) as reported in Table §

# Specificity was caleulated from the number of reads per contig {see Materials and Method t detected in the Hurmina sequencing results. A visual representation of th

=

the numbe:

ty of these genes within pathway assignments is thus gene specificity} were caleulated

Aromatolewm aromativum EBNI was renatned Azoareus, and therefore, genes from

b Genes other than decarboxylase genes pathway are shown in

this species were considered Azoarcus genes.

Table $10 in the supplemental material,

s the ublgquinone biosynthesis
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genes are related to Azoarcus or Aromatoleum spp.; green, ber/bad-type genes
are related to Thauera or Alphaproteobacteria spp.; ved, bam-type genes are
related to Geobacter or Peptococcaceae app.

base per million reads [RPKM}) of above 1,000, among the most
abundant transcripts from the benzoate-metabolizing culture
(Fig. 5, blue triangles). When the culture was metabolizing ben-
zene, the same genes were also transcribed but at 8 to 10 times
lower abundance (Table 2; see also Table $4). A second set of
benzoate degradation genes that are more closely related to en-
zymes from obligate anaerobes (bam-like genes) were also identi-
fied in the data. These bam-like genes were almost exclusively
transcribed when the culture was growing on benzene {Fig. 5, red
triangles), including a putative benzoate-CoA ligase gene, bzlA
{similar to bamY), and several genes encoding subunits of an ATP-
independent benzoyvl-CoA reductase, bamBCE. These genes were
detected at normalized read counts that ranged between 40 and
100 RPKM on benzene {see Table 54) and were virtually unde-
tected when the culture was grown on benzoate (see Table $4, pink
shading). Finally, a third group of anaerobic benzoyl-CoA reduc-
tases {ber/bad genes) and associated downstream genes that have
been described in Betaproteobacteria, such as Thauera spp., and in
Alphaproteobacteria, including Rhodopsendomonas palustris and
Magnetospirillion spp. (16, 19, 48), were also detected (Fig. 5,
green triangles). These transcripts were slightly more abundant in
the presence of benzene {consistent specificity of 2 to 5). The ber
and bad genes are homologous to each other (13), and ber genes
have been found in diverse taxa. Therefore, these transcripts were
not confidently assigned raxonomically with MEGAN (see Table
$4). At this time, we cannot assign the ber/bad genes to one of the
known taxa within the culture.

A similar but less sensitive transcriptional response was seen in
the pyrosequencing data: all of the bzd-like benzoate catabolic
genes were transcribed when the culture was amended with ben-
zoate (see Table 85 in the supplemental material). However, these
genes were not detected In samples from the benzene-amended
culture. Rather, two subunits of the ATP-independent benzoyl-
CoA reductase, bamD and bamFE, were identified in this case (Ta-
ble 2; see also Table $5), confirming the abundance of these tran-
scripts during benzene metabolism in the culture. Finally,
transcripts of several other genes associated with benzoate catab-
olistn were also detected in the benzoate-degrading cultures in
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both sequencing data sets, including genes encoding the transcrip-
tional regulator bzdR and the benzoate transporter bzdB (see Ta-
bles S4 and 55) (16, 49). The abundance and extent of pathway
coverage of detected transcripts for anaerobic benzoate metabo-
list, consistent with the central role of benzoate in anaerobic
benzene and benzoate metabolism, provides confidence in the
validity of the data set.

Transcripts mapped to nitrate and nitrite reduction path-
ways. The denitrifying genes (nar, nir, rior, and noz) identified in
the Hlurina data set were dominated by those atiributed to Azo-
arcus and Planciomycetes (see Table 86 in the supplemental mate-
rial). These genes are all components of a membrane-associated
nitrate respiratory process. The contigs associated with this path-
way were typically 5 to 10 times more abundant during benzoate
metabolism (specificity of =0.2}, consistent with the higher rela-
tive abundance of transcripts from Azoarcus and Planctomycetes
under this condition (Fig. 4). In the pyrosequencing data, all ni-
trate respiration genes identified were related to Azoarcus spp. and
were essentially only detected during benzoate degradation (see
Table 87). These data confirm known physiological processes in
the culture and establish relative transcript abundances for the
dominant taxa in these RNA samples.

Annetation of contigs more highly transcribed during ben-
zene metabolism. We next examined all of the contigs that were
more highly transcribed in the presence of benzene {(i.e., with
specificity greater than 10} and their corresponding best BLASTx
hits (see Table 88 in the supplemental material). Many sequences
from this data set matched strikingly well with metagenomic se-
quences from the benzene-degrading “Clostridia enrichment cul-
ture BE,” with an identity level higher than 90% on the amino acid
level, including several putative carboxylase or decarboxvlase
genes associated with aromatic compound metabolism {Table 2;
see also Table §8). Two of the highly transcribed benzene-specific
genes were homologs of abcA and abeD), two subunits of a putative
benzene carboxylase identified in Clostridia enrichment culture
BE {22), as well as in a pure archaeal culture, Ferroglobus placidus
{23). In addition, benzene-specific genes encoding proteins simi-
lar to those encoded by ubiD and ubiX, enzymes nvolved in the
carboxylation or decarboxylation of aromatic corupounds in the
ubiquinone biosynthesis pathway, were highly transcribed, along
with other nonspecifically annotated carboxy-lyases. Proteins
similar to UbiD and UbiX were also identified in culture BF by
Abu Laban et al (22). Taken together, these results point to a
significant role for carboxylation during anaerobic benzene catab-
olism. In cur data set, ubiD) and ubiX sequences from different
microbial groups were identified (Table 2; see also Table 54), but
only those associated with obligate anaerobes and not those asso-
ciated with facultative anaerobes were specifically transcribed on
benzene. Transcripts related to other genes in the ubiquinone bio-
syathetic pathway (such as ubiA and ubiB) did not share the pat-
tern of exclusive transcription during benzene metabolism (see
Table $9). This suggests that proteins homologous to UbiD and
UbiX may be specifically involved in benzene metabolism, per-
haps in addition to or instead of their normal role in the ubiqui-
none pathway. By far, the most highly transcribed genes on ben-
zene were predominantly affiliated with the Firmicutes {(see Table
S8, green), and a large number of these genes were annotated as
hypothetical proteins or transposases.

Transcription of genes invelved in anaerobic toluene and
phenol metabolism. Alternative paths from benzene to benzoate
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FIG 6 Gene transcripts identified in RNA samples corresponding to known or hypothesized enzymes involved in the anaerobic metabolisi of monoaromatic
compounds in different anaerobes, Three parallel yet distinct pathways are known for benzoate catabolism: one found in Azoarcus/Aromatolenm spp. (bzd genes,
Blue), one identified in Thauera/Alphaproteobacteria spp. (bar/bad genes, green), and the other in obligate anaerobes {(bam genes, red) (34). Sequences corre-
sponding to each of these pathways were identified in the culture. The numbers adjacent to gene names are the values for specificity (for benzene relative to
benzoate). Question marks indicate where corresponding ber/bad and bam genes were not found in the carrent data set. The putative carboxylase genes proposed
for the Clostridium enrichment culture BE (6) are shown in boldface black, while the genes associated with the anacrobic phenol degradation pathway are shown

in black but not in boldface. All contigs associated with these genes and their associated specificities are provided in Table $4 in the supplemental owterial.

or benzoyl-CoA are possible via methylation to toluene or hy-
droxylation to phenol. Therefore, contigs were also mapped to the
pathways from toluene to benzovl-CoA via fumarate addition and
from phenol to benzoyl-CoA via phosphorylation. No genes in the
toluene activation pathways were identified in any of the contigs
generated from pyrosequencing or [umina sequencing, regard-
less of substrate, In contrast, transcripts that map to the phenol
pathway were detected {Table 2, Fig. 6; see also Table 54 in the
supplemental material}: transcripts for phenylphosphate synthase
genes {pps) and, particularly, for phenylphosphate carboxylase

July 2014 VYolume 80 Number 14

genes {ppe) were detected and were more abundant when the cul-
ture was degrading benzene. Genes for subseguent steps, 4-hy-
droxybenzoate ligase {(Abcl) and 4-hydroxybenzoyl-CoA reduc-
tase {(alpha subunit; ficrA) were also transcribed. These data
indicate that an anaerobic phenol metabolism pathway is possibly
active in the culture, though the specificities for each step are
variable {Table 2, Fig. 6).

Transcripts mapped to oxygenase genes. The possibility exists
that benzene could be activated {oxidized to phenol) by molecular
oxygen produced by nitrite dismutation during denitrification
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{50). Transcripts for oxygenases associated with oxidation of
monearomatic compounds were identified in samples from the
culture degrading both substrates (see Table 510 in the supple-
mental material). The most abundant oxygenases were benzovi-
CoA oxygenases (box genes) from Betaproteobacteria (e.g., Azoar-
cus), which were more highly transcribed on benzoate (see Table
S10, blue). Other proteobacterial oxygenase transcripts, including
the genes encoding 4-hydroxybenzoate 3-monocoxygenase, phe-
nol 2-monooxygenase, and an aromatic ring-opening dioxyge-
nase, were detected and were transcribed at similar levels on either
substrate. No genes similar to toluene mono- or dioxygenases or
benzene mono- or dioxygenases, known for activating the unsub-
stituted benzene ring aerobically {51, 52}, were identified in the
sequence data.

Could oxygen be activating benzene in this nitrate-reducing
culture? Although oxvgenase transcripts were detected, our data
indicate that strictly anaerobic conditions prevailed in the Cart-
wright culture and thatany role of molecular oxygen was minimal.
The cultures were maintained with FeS-reduced mineral medium
in sealed bottles inside an anaerobic chamber. Therefore, oxygen,
if any was present, did not come from outside the culture bottles.
The most abundant oxvgenase transcripts detected were homolo-
gous to benzoyl-CoA oxygenases (box gene cluster), which are
induced by benzoyl-CoA and have been shown to be expressed
regardless of aerobic or anaerobic conditions (53). In addition, we
detected abundant transcripts for the benzoyl-CoA reductase
genes bzdNOPQ, whose expression is strongly repressed by oxy-
aerobic ammonium oxidation) bacteria within Planctomycetes,
which are notoriously sensitive to oxygen (56). Moreover, none of
the oxygenases were more highly transcribed with benzene than
with benzoate. We conclude that oxygenases were most likely
transcribed in the culture due to nonspecific induction by benzo-
yl-CoA, as previously reported (53}, or by other intermediates
during benzene or benzoate degradation.

Is carboxylation the mechanism for benzene activation?
Having identified a member of the Peprococcaceae {Clostridiales)

as the only organism whose transcription level increased upon the
addition of benzene, it is fair to conclude that this organism must
be initiating benzene metabolism in this culture, as has been sug-
gested previously (7,28, 30, 31). Given the apparent enrichment of
Peptococcaceae transcripts associated with carbogylases, it is clear
that carboxvylation plays an important role in benzene metabo-
lism, but is it indeed the activating mechanism? We were able to
rule out a mechanism via toluene because of the absence of bssA-
like transcripts. As well, ethylbenzene dehydrogenase genes iden-
tified in the nitrate-reducing strain EBN1 (49) were not identified
in our transcriptome data (see Tables 82 and $3 in the supplemen-
tal material), 50 a reaction similar to the ethylbenzene hydroxyla-
tion process was not evident. Rather, in addition to transcripts
associated with COGO043 (carboxvlase/lyase of aromatic com-
pounds), we observed enrichment of COGI013/-14 {oxvacid:
ferredoxin oxidoreductase) (see Table S8) during benzene metab-
olism, which is consistent with the important role ferredoxin plays
in redox reactions and energy conservation in strict anaerobes.
However, carboxylation is also one of the steps in the anaerobic
activation of phenol in strict anaerobes (57, 58}, and therefore, the
transcription of carboxylases could be stimulated by the presence
of phenol. Phenol is converted to benzoyl-CoA via several reac-
tions catalyzed by phenylphosphate synthase, phenvlphosphate
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carboxylase, 4-hydroxybenzoate-CoA ligase, and 4-hydroxyben-
zoyl-CoA reductase (Fig. 6) (49, 57, 58). The transcription of these
phenol-induced genes (59) could mean that phenol was produced
in the culture. Phenol has been detected in anaerobic benzene-
degrading cultures {11, 13-15)} and has been postulated as a me-
tabolite of benzene degradation (25). However, in an iron-con-
taining culture, it has been shown that phenol can be produced
abiotically from benzene during the extraction procedure when
the sample becomes exposed to oxygen, and thus, the detection of
phenol may be an artifact of the extraction method {21). We have
considered whether in fact phenol could be produced from ben-
zene ablotically in our cultures, catalyzed by reactive oxidized iron
or hydroxyl radicals generated from FeS {in the medium) by reac-
tion with nitrate, nitrite, or oxvgen resulting from the dispropor-
tionation of nitrite. While we cannot exclude an intermittent or
occasional role for such reactions, it is difficult to imagine that the
culture would continue to degrade benzene at consistent rates and
stoichiometry for so many years with an initial reaction entirely
dependent on the internal production of reactive oxidized species
to drive a Fenton-tvpe (60) reaction.

Gene neighborhood of putative abeDA anaerobic benzene
carboxylase genes. Abu Laban et al. {22) identified a specific ben-
zene-expressed protein band of 60 kDa in the proteome of ben-
zene-grown cells of culture BF. This protein, which they named
AbcA, had similarity to a known subunit of phenvlphosphate car-
boxylases (PpcA). In further making the case for the role of abcA
and abeD as components of an anaerobic benzene carboxylase and
not phenol carboxylase, the authors noted that the gene cluster
containing open reading frames (ORFs) for abcA (similar to ppcA)
and abeD (similar to ppcD) genes did not contain either ORFs
similar to the remaining subunits ppcB and ppeC needed for phe-
nol carboxylation or ORPs similar to the ppsABC genes encoding
phenviphosphate synthase, and therefore, they concluded that
this gene cluster was not involved in anaerobic phenol metabolism
but, rather, contained putative anaerobic benzene carboxylase
{Abc) genes {22). Given the extraordinary similarity between the
Peptococcaceae sequences in our culture and those of culture BF
{most of them have above 90% identity on the amino acid level),
we attempted to determine whether the alcA gene neighborhood
was the same In both cultures as well. Using PCR primers (see
Table 81 in the supplemental material} spanning the intergenic
regions between the putative carboxylase genes abeD, abcA, and
ubiX and the putative benzoate-coenzyme A ligase bzlA genes (in
the order found in culture BF), we determined that these PCR
products successfully bridged the adjacent genes with intergenic
regions smaller than 120 bp (Fig. 7). The sequenced PCR products
and the published partial coding sequence of contig 11418 from
culture BF (22) have greater than 80% nucleotide identity in the
overlapped region, and therefore, the genes abcD), abcA, bzlA, and
ubiX are found with the identical unusual gene organization in the
two cultures, The presence of bzi4, encoding a benzoate-CoA li-
gase, next to putative carboxylases is consistent with the proposed
direct carboxylation pathway. We therefore conclude that the
most likely scenario in our cultures is that benzene is primarily
activated via carboxylation, with the potential for a minor fraction
of benzene being first biotically or abiotically oxidized to phenol
owing to the presence of traces of molecular oxygen from dismu-
tation of nitric oxide (50) or of metal oxides in the medium (61).
Auy phenol thus formed would subsequently be phosphorylated
prior to carboxylation (Fig. 6).
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{primer sequences are included in Table $1 in the supplemental material). The PCR products were sequenced in both forward and reverse directions. Primers
were designed such that each amplified region has at minimum a 70-bp overlap with the targeted flanking genes. The refevant pyrosequencing reads and lHomina
contigs are also mapped to the predicted operon. The visible overlaps between HHumina contigs were all shorter than 70 bp, and thus, these contigs were not

assernbled.

Syntrophic relationships in the nitrate-reducing, benzene-
degrading culture. Whether benzene is directly or indirectly (via
phenol) carboxylated to benzoate, it is clear that benzoate is a
central metabolite in this culture. We identified three distinct par-
allel clusters of benzoate metabolism genes (Fig. 5), derived from
at least two distinct organisms (Pepiococcaceae and Azoarcus, and
possibly one other). Azoarcus spp. is the main plaver in benzoate
metabolism, as revealed by the abundance of Azoarcus-related
transcripts during benzoate degradation. Moreover, it is clear that
Azoarcus does not degrade benzene and that feeding the culture
benzoate does not sustain benzene-degrading organisms in the
culture, since no Peptococcaceae transcripts were identified on
benzoate and benzene-degrading activity was negatively impacted
by first feeding benzoate to the culture (Fig. la). Nevertheless,
benzene degradation clearly does proceed via the intermediate
benzoate, Benzoate metabolism genes from Pepiococcaceae, as well
as from an unidentified proteobacterium, were transcribed, indi-
cating that more than one organism may be degrading benzoate in
the culture. Given that the lower part of the benzoate pathway was
either less well represented in the sequence data collected or less
well identified by homology search, we could not determine the
nature of the products of benzoate metabolism that were ulti-
mately transferred to Azoarcus or to other Proteobacteria for ni-
trate reduction. The most likely products are the typical small-
molecule metabolites implicated in syntrophic relationships, such
as acetate, formate, and hydrogen. The 8- to 10-fold-lower tran-
scription levels of benzoate pathway genes in Azoarcus during
benzene degradation than during benzoate degradation are con-
sistent with the much lower rates of benzene and, hence, benzoate
degradation. It is possible that Azoarcus, in addition to obtaining
electrons from products like acetate, hydrogen, or formate, is also
scavenging electrons from benzoate or other metabolites pro-
duced by Peptococcaceae, from leaky or lysed cells. Alternatively,
perhaps the presence of trace amounts of benzoate in the medium
from benzene is sufficient to activate the transcription of benzoate
pathway genes in Azogrcus. It is even possible that benzene itself
activates the transcription of these genes, because the benzoate
concentrations were previously shown to be extremely low (<10
nM) in these benzene-degrading cultures (15),

In addition to Peptococcaceae and Azoarcus, other players in the
nitrate-reducing benzene-degrading culture include Burkhold-
eriales, Planctomycetes, and Chlovobi. Burkholderiales genes were
not differentially transcribed on the two substrates {Fig. 4); there-
fore, these organisms are likely not divectly involved in benzene
and benzoate metabolism but, rather, are using electron donors
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external to these processes, such as lysed biomass or reduced sul-
fide provided in the medium. Based on the presence of Plancto-
mycetes-related gene transcripts for the genes involved in anaero-
bic ammonium oxidation and transportation (see Table 82 in the
supplemental material) {62), we confirm the role of this popula-
tion within the nitrogen cycle (using ammonium and nitrite}, as
previously demonstrated for this culture (32). The low numbers of
Chlorobi transcripts identified in this study and their sporadic de-
tection in previous 168 rRNA clone libraries (29, 31) is indicative
of an opportunistic role in the culture metabolism for this taxo-
nomic group.

In summary, we have found that the Peptococcaceae organism
in this culture grows specifically on benzene, Hkely in syntrophy
with nitrate reducers, particularly an Azoarcus. Several genes en-
coding proteins homologous to putative aromatic carboxylases
and decarboxviases were specifically transcribed on benzene, and
these genes were most likely associated with Peptococcaceae.
Hence, a Peptococcaceae organism must activate the benzene ring
anaerobically via mechanisms that include carboxylation. We
cannot rule out the possibility of a biotic or abiotic transformation
of benzene to phenol having some role, though likely not a major
one. This study also demonstrates that sequencing total RNA even
without a reference metagenome can provide extremely valuable
information on both the dominant taxa and major pathways in
such enrichment cultures.
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